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The aim of the present study was to investigate the electrochemical degradation of sodium dipyrone in
aqueous medium using a ﬂow-by reactor equipped with anodes comprising boron-doped diamond ﬁlm
supported on titanium. The system was operated under electrolyte ﬂow conditions that produced lami-
nar (50 L h1) or turbulent (300 L h1) regimes in the internal section of the reactor. Spectroscopic and
chromatographic analyses revealed that dipyrone was degraded completely within 120 min of electrol-
ysis at applied potentials P+4.0 V independent of the ﬂow regime. The highest rate of removal of total
organic carbon was achieved at an applied potential of +5.0 V and an electrolyte ﬂow rate of 300 L h1.
Under these conditions, 52% of the initial organic load was removed after 2 h of electrolysis and 95.2%
was eliminated after 8 h reaction. It is concluded that electrochemical technology is effective for the deg-
radation of dipyrone and its possible products formed in aqueous medium.
 2013 Elsevier B.V. All rights reserved.1. Introduction
The occurrence of human and veterinary pharmaceuticals in
sediments, domestic wastewater, and surface and ground waters
constitutes a serious problem worldwide. Almost all classes of
therapeutic agents, including anti-inﬂammatories, analgesics, anti-
biotics, steroid hormones and neuroactive compounds, along with
their breakdown products are leaked into the environment by di-
rect human excretion or by discharge of untreated efﬂuent [1,2].
Typically, non-steroid anti-inﬂammatory drugs, including ibupro-
fen, diclofenac and dipyrone, are found in water bodies in the high-
est amounts because of their common usage [3,4].
Dipyrone (sodium metamizole) is a prodrug which, following
oral administration, is readily hydrolyzed to its main metabolite
4-methylaminoantipyrine and subsequently converted into other
active species by various enzymatic reactions [5]. The drug pos-
sesses powerful antipyretic and analgesic activities, but its use is
associated with a small risk of blood dyscrasias [2]. Although dipy-
rone is banned in many countries, restricted application (generally
in a parenteral formulation) is still allowed in some parts of Africa,
South America and Europe (Germany, Italy and Spain), and it is
sold without prescription in Brazil, Turkey and a number of African
countries [3].ll rights reserved.
: +55 16 3373 9903.
va Rocha).In the absence of proscription, dipyrone ﬁnds intensive use in
hospitals by virtue of its low cost and wide range of application.
It is not surprising, therefore, that the drug was reported to be
present at a concentration of 4.9 lg L1 in a wastewater treatment
station in the south of Spain, and that metabolites of dipyrone,
namely, N-acetyl-4-aminoantipyrine and N-formyl-4-aminoanti-
pyrine, have been detected in public water treatment plants in
Germany and the Czech Republic in concentrations ranging from
20 to 939 ng L1 [3,6].
Although untreated wastewaters containing dipyrone can per-
meate aquatic environments, information concerning the toxicity
of the drug towards aquatic organisms is somewhat scarce. How-
ever, it has been shown that a 6.25% solution of dipyrone exhibited
acute toxicity towards a range of test organisms, causing signiﬁ-
cant nuclear structural damage and resulting in 100% mortality
within 24 h of observation [7].
Considering the impact of dipyrone on the environment, it is
clearly important that the drug be removed from public and pri-
vate wastewaters. Unfortunately, the techniques currently em-
ployed in wastewater treatment do not remove such compounds
efﬁciently, and novel methods need to be developed. In this con-
text, the use of electrochemical processes for treating wastewater
containing organic material could be advantageous since this type
of technology employs electrons rather than chemical reagents.
Such electrochemical reactions can be direct, occurring between
an organic compound and the electrode surface, or may occur
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oxidant species generated in situ [8].
Electrodes comprising boron-doped diamond ﬁlm supported on
titanium (Ti/BDD) are characterized by efﬁcient energy consump-
tion and high capacity for the oxidation of organic compounds.
Model experiments have demonstrated that the dye Orange Reac-
tive 16 can be electrochemically degraded with high efﬁciency in a
system employing Ti/BDD anodes [9]. In these experiments, com-
plete removal of the color of a solution containing 50 mg L1 of
the dye was achieved in 40 min of electrolysis, and 60% of total or-
ganic carbon (TOC) could be eliminated under optimized condi-
tions. Ti/BDD electrodes are also efﬁcient in the electrochemical
degradation of tebuthiuron with a TOC removal rate of 80% from
a solution containing 100 mg L1 of the herbicide [10]. In this con-
text, the electrodes may be used in the degradation of several phar-
maceutical drugs, such as paracetamol [11], salicylic acid [12],
ketoprofen [13] and others [14], using of the characteristics of min-
eralization of organic compounds under certain experimental con-
ditions [15,16].
It is widely accepted that electrochemical mineralization occurs
by a mechanism primarily involving the discharge of water on the
active sites of the substrate (S). The hydroxyl radicals so-produced
are adsorbed through weak interactions on these sites (S(OH)ads),
and are subsequently responsible for the degradation of the organ-
ic compound (R) present in solution, as shown in following equa-
tion [15,16]:
RðaqÞ þ ðn=2ÞSðOHÞads ! ðn=2ÞSþMPþ ðn=2ÞHþ þ ðn=2Þe ð1Þ
in which n represents the number of electrons involved in the oxi-
dation of R to yield the mineralization products MP. With Ti/DDB
anodes, a parallel reaction involving the evolution of oxygen occurs
at high potential, as shown in following equation:
SðOHÞads ! Sþ 1=2O2 þHþ þ e ð2Þ
The aim of the present study was to investigate the electro-
chemical degradation of sodium dipyrone in aqueous medium
using a ﬂow-by reactor equipped with anodes comprising boron-
doped diamond ﬁlm supported on titanium.2. Experimental
The ﬂow-by electrochemical reactor comprised two polypropyl-
ene plates, constructed as previously described [17], ﬁtted with
four Ti/BDD anodes (B:C ratio 30,000 ppm; total geometric area
16.6 cm2) produced by the Laboratório Associado de Sensores e
Materiais, Instituto Nacional de Pesquisas Espaciais (São José dos
Campos, SP, Brazil) and four DSA-Cl2 cathodes (total geometric
area 16.6 cm2) purchased from De Nora do Brasil, Sorocaba, SP,
Brazil.
The Ti/BDD ﬁlms were grown using the hot ﬁlament chemical
vapor deposition (CVD) technique. The CVD reactor was main-
tained at 650 C and 40 Torr, and a standard gas mixture compris-
ing 99% hydrogen and 1% methane was supplied at a total mass
ﬂow of 200 standard cubic centimeters per minute (sccm). The dis-
tance between the ﬁlament and the substrate was 5 mm, and the
deposition time was 7 h. In order to dope the ﬁlm with boron, an
additional line carried hydrogen to the gas inlet of the CVD reactor
via a bubbler containing B2O3 dissolved in methanol (B/C concen-
tration of 30,000 ppm) maintained at a temperature of 30 C. A
rotameter was employed to maintain the hydrogen ﬂow at
40 sccm, and the hydrogen pressure was held at 750 Torr. All ﬁlms
were grown under identical conditions. Scanning electron micro-
scope (SEM) images of the Ti/BDD electrodes were acquired using
a Jeol model JSM-15310 electron microscope. The composition and
quality of the diamond ﬁlms were evaluated from the Ramanspectrum recorded using a Renishaw Raman microscope system
2000 operated in backscattering conﬁguration.
In the electrochemical experiments, an Autolab (Eco Chemie)
model PGSTAT-302N potentiostat/galvanostat equipped with high
current module BSTR-10A was employed. The reference electrode
comprised a Pt//Ag/AgCl pseudo-reference system [18], with the
platinum wire positioned on the face of one of the Ti/BDD anodes.
The electrolyte was 2.0 L H2SO4 0.1 mol L1 and K2SO4 0.1 mol L1
containing 100 mg L1 of sodium dipyrone (unless otherwise sta-
ted) supplied at ﬂow rates of 50 L h1 (0.0413 m s1) or 300 L h1
(0.248 m s1). Chronoamperometric experiments were carried
out by stepping from an initial applied potential of +2.0 V vs. Pt//
Ag/AgCl to a ﬁnal potential of +5.0 V vs. Pt//Ag/AgCl. Electrolysis
was continued for 2 h and the electrolyte was sampled every
5 min during the ﬁrst 30 min, every 15 min during the second
30 min and every 30 min during the ﬁnal 60 min of the experi-
ment. Ultraviolet/visible (UV–Vis) spectra of electrolyte samples
were recorded in the range 200–800 nm in a Varian Cary 50 scan-
ning spectrometer. The concentrations of dipyrone in electrolyte
samples were evaluated by high performance liquid chromatogra-
phy (HPLC) using a Shimadzu model LC-20AT chromatograph
equipped with a model SPD-20A UV detector and a Phenomenex
C18 column (250 mm  4.6 mm i.d.; 5 lm). Elution was isocratic
with a 30:70 mixture of methanol and phosphate buffer (pH 7.0)
at a ﬂow rate of 1.0 ml min1, and detection was at 262 nm. TOC
levels in electrolyte samples were determined using a Shimadzu
TOC-VCPN analyzer.3. Results and discussion
3.1. Morphological and structural characterization of diamond
electrodes
SEM imaging conﬁrmed that the diamond ﬁlms were homoge-
neous and completely closed along the entire length of the Ti sub-
strate. Additionally, the ﬁlms adhered strongly to the substrate and
showed no signs of cracks or delaminations. These characteristics
are very important since the growth of diamond on Ti substrates
is problematical because of the dissimilar coefﬁcients of thermal
expansion of the two materials and the possible formation of inter-
mediate phases comprising titanium hydride or carbide. Such fac-
tors may be responsible for the growth of diamond ﬁlms that are
weak and susceptible to crack formation and delamination [19].
The SEM image displayed in Fig. 1 shows a general view of the
morphology of a Ti/BDD electrode, the dominant feature of which
is the formation of microcrystalline grains that are randomly orien-
tated as a result of dissimilar growth rates in different crystal
planes.
In order to assess quality and composition, Raman spectra of the
BDD ﬁlms were recorded in the range 250–3500 cm1. The Raman
scattering spectrum (Fig. 2) showed a sharp line at 1332 cm1 cor-
responding to the characteristic ﬁngerprint of diamond, a band at
around 1500 cm1 attributable to the graphite lattice (G-band),
and a band at 1200 cm1 associated with disorder induced into
the diamond structure by the incorporation of boron. It is reported
that increased doping levels give rise to a signiﬁcant increase in the
intensity of the 1200 cm1 band combined with a drastic reduction
in the diamond peak, an effect that is attributed to relaxation of the
k = 0 selection rule of Raman scattering induced by high concentra-
tions of boron in the diamond network [20]. The highest peak in
the second order region of the spectrum was at 2500 cm1 (i.e.
approximately twice the wave number 1200 cm1) and corre-
sponded to the second-order of the 1200 cm1 vibration. The band
at around 500 cm1 was attributed to the vibrational modes of
Fig. 1. SEM image of a typical BDD ﬁlm grown on a titanium substrate using the hot
ﬁlament CVD technique with a deposition time of 7 h.
















Fig. 2. Raman spectrum of a typical BDD ﬁlm grown on a titanium substrate using
the hot ﬁlament CVD technique with a deposition time of 7 h.
















E vs Pt//Ag/AgCl / V
 50 Lh-1
 300 Lh-1
Fig. 3. Linear voltammetry in the potential range 0 to +4.0 V vs. Pt//Ag/AgCl and
scan rate 50 mV s1 measured in an electrochemical reactor with Ti/BDD anodes
and DSA-Cl2 cathodes (electrolyte: 2.0 L of H2SO4 0.1 mol L1 and K2SO4
0.1 mol L1).
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diamond network [21].
3.2. Voltammetric behavior of Ti/BDD in an electrochemical reactor
The degradation of dipyrone in a ﬂow-by electrochemical reac-
tor with Ti/BDD anodes was investigated at two electrolyte ﬂow
rates that produced different hydrodynamic regimes in the internal
section of the reactor. The minimum ﬂow rate (50 L h1) was asso-
ciated with laminar ﬂow (Re = 314), while at the maximum rate
(300 L h1) the ﬂowwas considered turbulent (Re = 1888). This dis-
tinction is important because it determines the residence time of
species in the internal section of the reactor and at the surface of
the electrodes, factors that inﬂuence the rate of degradation of
dipyrone and the reduction of organic load in the system.
In order to establish the currents associated with the oxygen
evolution reaction (OER) at the Ti/BDD electrodes, linear voltam-
metry (LV) was conducted in the electrochemical reactor with
the supporting electrolyte (i.e. without dipyrone) supplied at 50
and 300 L h1. Plots of current as a function of the applied potentialunder linear and turbulent ﬂow regimes are presented in Fig. 3. No
signiﬁcant differences in the values of the currents recorded at 50
and 300 L h1 were observed from the start of the OER, at approx-
imately +2.0 V, until around +3.4 V. However, at more positive
potentials (shown in detail in Fig. 3) variations in currents could
be observed in the experiment conducted at 50 L h1, and these
were associated with the slow removal of species (in this case oxy-
gen) at the surface of the Ti/BDD anode under the laminar ﬂow re-
gime [22,23].
3.3. Electrochemical degradation of dipyrone
The time course of the electrochemical degradation of dipyrone
was monitored spectrophotometrically at 262 nm, the wavelength
of maximum absorbance of the drug in electrolyte solution. Fig. 4
shows the decays curves of the absorbance of dipyrone obtained
during electrolyses conducted at applied potentials in the range
+2.0 to +5.0 V and at electrolyte ﬂow rates of 50 and 300 L h1.
The reduction in absorbance after 120 min of electrolysis was di-
rectly related to the potential applied and attained maximum val-
ues at +5.0 V of 74% and 79% with ﬂow rates of 50 L h1 (Fig. 4a)
and 300 L h1 (Fig. 4b), respectively. The higher percentage de-
creases in dipyrone absorbance obtained at 300 L h1 suggest that
some modiﬁcation of the dipyrone molecule occurs in the turbu-
lent hydrodynamic regime resulting in more rapid removal of oxi-
dized products and replacement by new species [22,23].
Although signiﬁcant decreases in absorbance at 262 nm were
observed following the electrolysis of dipyrone at both of the ﬂow
rates studied, this ﬁnding does not necessarily imply degradation
of the drug. Therefore, electrolyte samples were analyzed by HPLC
in which the peak of dipyrone could be identiﬁed from its retention
time and the presence of by-products formed during the degrada-
tion process could be detected. Since dipyrone and reaction prod-
ucts were well separated by retention time in the HPLC system
employed (Fig. 5), it was possible to follow the change in concen-
tration of dipyrone without interference from by-products or inter-
mediates present in the electrolyte samples [24].
Fig. 5 shows the HPLC chromatograms recorded for a set of sam-
ples collected during the electrolysis of dipyrone at +3.5 V with an
electrolyte ﬂow rate of 50 L h1. The area of the dipyrone peak
(retention time 5.6 min) decreased with time of electrolysis and
was very near to zero after 120 min of reaction. Peak 1 at a reten-
tion time of 3.8 min was likely associated with a by-product of the


























 2.0 V (a)
 2.5 V (b)
 3.0 V (c)
 3.5 V (d)
 4.0 V (e)
 4.5 V (f)


























 2.0 V (a)
 2.5 V (b)
 3.0 V (c)
 3.5 V (d)
 4.0 V (e)
 4.5 V (f)
 5.0 V (g)
(a)




Fig. 4. Variation in absorbance at 262 nm with respect to time of electrolysis
performed at applied potentials in the range +2.0 to +5.0 V at ﬂow rates of (a)
50 L h1 and (b) 300 L h1 (electrolyte: 2.0 L of H2SO4 0.1 mol L1 and K2SO4
0.1 mol L1 containing 100 mg L1 of sodium dipyrone).
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Fig. 5. (a) HPLC chromatograms of samples of electrolyte collected at various times durin
(analytical conditions: Phenomenex C18 column (250  4.6 mm i.d.; 5 lm); isocratic elut
1.0 ml min1; detection at 262 nm). (b) Molecular formula of Dipyrone.peak 2 at a retention time of 4.9 min was probably an intermediate
in the degradation of dipyrone since its relative concentration in-
creased at the start of electrolysis, attained a maximum value at
30 min and decreased thereafter reaching a value close to zero at
the end of the experiment.
Variations in the relative concentrations of dipyrone (deter-
mined by HPLC) with respect to time of electrolysis at applied
potentials in the range +2.0 to +5.0 V and at electrolyte ﬂow rates
of 50 and 300 L h1 are shown in Fig. 6. Complete degradation of
dipyrone was achieved within 120 min of electrolysis at potentials
P+3.5 V for both electrolyte ﬂow rates studied. At the higher
potentials, complete removal of dipyrone was achieved more rap-
idly, while at +5.0 V the concentration of dipyrone fell to zero in
25 min with an electrolyte ﬂow rate of 50 L h1, and within
15 min at a ﬂow rate of 300 L h1. The higher rate of dipyrone deg-
radation observed in the system operated under turbulent ﬂow
conditions may be associated with the more rapid removal of deg-
radation products from the surface of the electrode and their
replacement by fresh substrate, a phenomenon that was also ob-
served when monitoring the absorbance at 262 nm (Fig. 4).
While signiﬁcant reductions in both the absorbance of the elec-
trolyte at 262 nm and in the concentration of dipyrone were ob-
served during electrolysis, the results do not necessarily mean
that mineralization of the organic load had occurred. Samples were
submitted to TOC analysis in order to verify mineralization during
electrolysis, and the results obtained are presented in Fig. 7.
Increasing the applied potential promoted an increase in TOC re-
moval from the samples which, at +5.0 V, attained maximum val-
ues of 44% (Fig. 7a) and 52% (Fig. 7b) at ﬂow rates of 50 and
300 L h1, respectively.
A direct correlation between the removal of TOC and the ﬂow
rate of the electrolyte was observed at all applied potentials, there-
by conﬁrming the results obtained for the decay in absorbance
(Fig. 4) and the decrease in concentration (Fig. 6) of dipyrone dur-
ing electrolysis. Clearly, forced convection in the electrolyte, pro-
moted by the internal structure of the electrochemical reactor,
allows a better reposition of species and a more efﬁcient removal
of oxygen bubbles on the surface of the anodes. Such diffusion con-
trol, which is more effective in systems with higher Re values, ex-
erts an effect on the rate constant of removal of TOC and on the
energy used to remove the organic material [23]. Fig. 8a shows
the variation in the apparent kinetic rate constant (kapp) for dipy-
rone degradation as a function of the applied potential at the two
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Fig. 6. Variation in the concentration of dipyrone (determined by HPLC and
expressed as a percentage of the initial concentration) with respect to time of
electrolysis performed at applied potentials in the range +2.0 to +5.0 V at ﬂow rates
of (a) 50 L h1 and (b) 300 L h1 (electrolyte: 2.0 L of H2SO4 0.1 mol L1 and K2SO4
0.1 mol L1 containing 100 mg L1 of sodium dipyrone).
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Fig. 7. Variation in TOC (expressed as a percentage of the initial value) with respect
to time of electrolysis performed at applied potentials in the range +2.0 to +5.0 V at
ﬂow rates of (a) 50 L h1 and (b) 300 L h1 (electrolyte: 2.0 L of H2SO4 0.1 mol L1
and K2SO4 0.1 mol L1 containing 100 mg L1 of sodium dipyrone).
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lyzed the variation of the concentration of dipyrone in the ﬁrst
20 min of each experiment, where was observed a zero-order
kinetics for this period. Therefore, the rate constant for the dipy-
rone degradation was calculated by the slope of mg L1/dipyrone
vs. t/min for each experiment [17,25]. The values of kapp were close
to zero at potentials 6+3.0 V, but as the applied potential became
more positive the kapp for dipyrone degradation increased and at
+5.0 V attained values of 4.8 and 5.6 mg L1 min1 for ﬂow rates
of 50 and 300 L h1, respectively.
In order to develop an efﬁcient method for the electrolytic deg-
radation of dipyrone, it is necessary to determine the amount of
energy consumption to remove 1 kg of organic load, (EC:
kW h kg1), according to Eq. (3), where the current (I: A); cell po-
tential (E: V); time (t: h) and mass of organic load (m: kg)
[17,25,26].
EC ¼ I  E  T
1000 m
ð3Þ
As shown in Fig. 8b, the consumption of power in the electro-
chemical reactor with Ti/BDD anodes increased as the applied po-
tential increased, and attained values at +5.0 V of 488.7 and
453.1 kW h per kg of TOC removed at ﬂow rates of 50 and
300 L h1, respectively. The higher consumption of energy at the
lower ﬂow rate and at higher potentials was most probably caused
by the lower efﬁciency of removal of the bubbles of oxygen that
formed on the surfaces of the anodes. A related effect was observed
in the LV experiments (insert to Fig. 3) in which considerableoscillations in the current were observed with an electrolyte ﬂow
rate of 50 L h1 but notwhen theﬂowrate300 L h1. Itwouldappear
that the quantity of bubbles residing on the surface of the electrode
under lamina ﬂow conditions is increased, and this causes higher
resistivity and a consequent increase in energy consumption.
Fig. 8b reveals that the energy consumption for removing or-
ganic load attained values close to zero at applied potentials be-
tween +2.0 and +3.0 V. Such values correspond to the low
currents recorded at these potentials in the LV experiment de-
picted in Fig. 3. At an applied potential of +3.5 V, mineralization
of the samples was minimal with only 8% and 12% of TOC removed
at 50 and 300 L h1, respectively (Fig. 7a). The low current values
and poor mineralization of samples at lower potentials explain
the low energy consumption observed, because the energy con-
sumed is directly proportional to the current and cell potential,
and inversely proportional to the mass of TOC removed.
According to the best results obtained in the present study, the
total degradation of dipyrone could be achieved within 120 min by
electrolysis with Ti/BDD anodes at +5.0 V and an electrolyte ﬂow
rate of 300 L h1. Under such conditions, 48% (22.1 mg L1) of the
initial TOC remained at the end of the electrolytic reaction. In order
to establish the time required to reduce the organic load to the
level required by Brazilian law (Conselho Nacional do Meio
Ambiente) [27], TOC removal was monitored during 8 h of electrol-
ysis carried out under the most efﬁcient conditions. In this exper-
iment (Fig. 9), 91.4% of the initial organic load of 39.9 mg L1 was
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Fig. 8. Variation of (a) the apparent rate constant for dipyrone degradation, and (b)
the energy consumption for removal of TOC by electrolysis performed at applied
potentials in the range +2.0 to +5.0 V at ﬂow rates of 50 L h1 and 300 L h1
(electrolyte: 2.0 L of H2SO4 0.1 mol L1 and K2SO4 0.1 mol L1 containing
100 mg L1 of sodium dipyrone).












Fig. 9. Variation in TOC (expressed as a percentage of the initial value) as a function
of the time of electrolysis performed at an applied potential of +5.0 V and a f low
rate of 300 L h1 (electrolyte: 2.0 L of H2SO4 0.1 mol L1 and K2SO4 0.1 mol L1
containing 100 mg L1 of sodium dipyrone).
94 R.M. Reis et al. / Journal of Electroanalytical Chemistry 690 (2013) 89–95removed after 6 h, while TOC removal was 95.2% at the end of 8 h,
leaving a residual load of 1.9 mg L1 as required by Brazilian legis-
lation for treatment efﬁciency.4. Conclusions
The electrochemical degradation of dipyrone in a ﬂow-by reac-
tor with Ti/BDD anodes was slightly more efﬁcient at an electrolyte
ﬂow rate of 300 L h1 in comparison with a ﬂow rate of 50 L h1.
While linear voltammetry revealed that current consumption
was similar at the two ﬂow rates studied, the rate of removal of
compounds present at the electrode surface was higher under tur-
bulent ﬂow conditions, and this resulted in a higher efﬁciency in
the mineralization of the organic load. Thus, at the highest applied
potential, the kapp value for dipyrone degradation at an electrolyte
ﬂow rate of 50 L h1 was 4.8 mg L1 min1, while at a ﬂow rate of
300 L h1 a kapp value of 5.6 mg L1 min1 was attained.
Spectroscopic and chromatographic analysis showed that the
concentration of dipyrone in the electrolyte solution decreased
more rapidly with increased applied potential, and reached base-
line level after 120 min of electrolysis at applied potentials
P4.0 V irrespective of the ﬂow rate of the electrolyte. The highest
level of TOC removal was achieved at an applied potential of 5.0 V
and an electrolyte ﬂow rate of 300 L h1. Under these conditions,
52% of the initial organic load was removed after 2 h of electrolysis
and 95.2% of TOC was eliminated after 8 h reaction. It is thus con-
cluded that electrochemical technology is effective for the degra-
dation of dipyrone and its possible products formed in aqueous
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